ABSTRACT Microtubules (MTs), a major component of the eukaryotic cytoskeleton, are 25 nm protein nanotubes with walls comprised of assembled protofilaments built from ab heterodimeric tubulin. In neural cells, different isoforms of the microtubule-associated-protein (MAP) tau regulate tubulin assembly and MT stability. Using synchrotron small angle x-ray scattering (SAXS), we have examined the effects of all six naturally occurring central nervous system tau isoforms on the assembly structure of taxol-stabilized MTs. Most notably, we found that tau regulates the distribution of protofilament numbers in MTs as reflected in the observed increase in the average radius hR MT i of MTs with increasing F, the tau/tubulin-dimer molar ratio. Within experimental scatter, the change in hR MT i seems to be isoform independent. Significantly, hR MT i was observed to rapidly increase for 0 < F < 0.2 and saturate for F between 0.2-0.5. Thus, a local shape distortion of the tubulin dimer on tau binding, at coverages much less than a monolayer, is spread collectively over many dimers on the scale of protofilaments. This implies that tau regulates the shape of protofilaments and thus the spontaneous curvature C o MT of MTs leading to changes in the curva-
INTRODUCTION
Microtubules (MTs) are among the major filamentous elements of the eukaryotic cytoskeleton involved in a range of cellular functions including intracellular trafficking, cell division, and the establishment and maintenance of cell shape (1) . They consist of hollow 25 nm diameter protein nanotubes, comprised of globular dimeric ab tubulin subunits (with a net charge of À41e) aligned end-to-end to form linear protofilaments, which interact laterally to form the hollow MT cylinder (Fig. 1 A) . The number of protofilaments (N pf ) per MT averages 13, however, MTs have been reported with as few as 11 or as many as 15 (2) (3) (4) (5) . Although MTs exhibit dynamic instability (cycles of rapid shortening followed by slow growth) in dividing cells, they tend to be less dynamic in the axons and dendrites of neuronal cells. A variety of different microtubule-associated-proteins (MAPs) regulate MT dynamics, although their precise mechanisms of action are not well understood (6) . Previous work has shown that the neural MAP tau enhances tubulin assembly both in vivo (7) (8) (9) and in vitro (10, 11) , and that it is required for the establishment of neuronal cell polarity (12) , and the outgrowth and maintenance of neuronal axons (9, 13) . Further, aberrant tau action has long been correlated with numerous neurodegenerative diseases, including Alzheimer's, Pick's, supranuclear palsy, and fronto-temporal dementia with Parkinsonism linked to chromosome 17 (FTDP-17) (14, 15) . More recent genetic analyses have demonstrated unequivocally that errors in tau action and/or regulation cause neuronal cell death and dementia in many of these disorders (16) (17) (18) .
In the mammalian adult central nervous system (CNS), alternative RNA splicing generates six different tau isoforms (19) , which are widely believed to be unstructured in solution (20) . The overall positively charged MT binding regions of tau isoforms contain either three or four imperfect repeats (18 amino acids in length and designated as 3R-tau or 4R-tau, respectively), separated from one another by interrepeat segments (13-14 amino acids in length), resulting from exclusion or inclusion of exon 10 encoded sequences ( Fig. 1 B) ( [21] [22] [23] [24] . The repeat region is flanked by a proline-rich basic region and the C-terminal tail. Upstream of the proline-rich region is the N-terminal tail, which can contain either zero, one, or two 29 amino acid long inserts resulting from the exclusion or inclusion of exon 2 and/or 3 encoded sequences, thereby giving rise to short (S-), medium (M-), and long (L-) N-terminal projection domains (Fig. 1 B) . Expression of the six different tau isoforms is developmentally regulated. More specifically, whereas fetal brain expresses only the shortest isoform (3RS), adult human brain expresses an~1:1 ratio of 3R and 4R tau, in all combinations with the three different (S-, M-, L-) N-terminal region configurations (25) . Further, genetic mutations that alter the normal 1:1 ratio of 3R to 4R tau lead to neuronal cell death and dementia in FTDP-17 and related tauopathies, showing clearly that there must be some functional and/or regulatory differences between 3R and 4R tau isoforms (16) (17) (18) .
We have used synchrotron small angle x-ray scattering (SAXS) and biochemical binding assays to probe changes in the structure of taxol-stabilized MTs on binding by the six different human CNS tau isoforms. SAXS showed that the average MT radius hR MT i increased as a function of increasing density of tau isoforms bound to MTs indicating that addition of tau increases hN pf i by regulating the distribution of protofilament numbers in MTs. Within the context of an elastic description of a MT our finding implies that tau regulates the spontaneous curvature of MTs. Interestingly, within experimental scatter, all six isoforms seem to qualitatively exhibit the same effect. Further, we find that tau-MT interactions are mediated to a large extent via nonspecific electrostatic interactions: tau binding affinity decreases with increasing KCl concentration, resulting in desorption of tau molecules from MT surfaces and a decrease in hR MT i.
MATERIALS AND METHODS
Purification of tau and tubulin/Microtubule assembly/Tau-microtubule mixtures Tau was expressed and purified as described (26) . Briefly, tau was expressed in BL21 (DE3) cells (Novagen, Madison, WI). Bacteria were lysed by sonication and boiled for 10 min. Heat-stable proteins were isolated by centrifugation, bound to a phosphocellulose column and eluted with a salt gradient (0.2-1.0 M NaCl). tau-containing fractions were pooled and further purified using reverse-phase HPLC (DeltaPak-C18; Millipore, Billerica, MA). HPLC fractions containing tau were pooled, lyophilized, and resuspended in BRB 80 buffer (80 mM Pipes pH 6.8, 1 mM EGTA, 1 mM MgSO 4 ) with 0.1% b-mercaptoethanol. The concentration of each tau sample was determined by SDS-PAGE comparison with a tau mass standard, the concentration of which was established by amino acid analysis (27) .
Tubulin was purified, as described (28) . Briefly, MAP-rich bovine brain MT protein was prepared by two cycles of assembly and disassembly. Tubulin was purified from other MT proteins by elution through a Whatman P-11 phosphocellulose column equilibrated in PEM 50 (50 mM Pipes, 1 mM MgCl 2 , 1 mM EGTA, 0.1 mM GTP). Purified tubulin (>99% pure) was drop frozen in liquid nitrogen and stored at À70 C. MTs were assembled at 35 C for 20 min from 45 mM (5 mg/mL) tubulin in PEM 50 buffer (50 mM Pipes, 1 mM EGTA, 1 mM MgCl 2 , pH 6.8) in the presence of 1 mM GTP and 5 wt % glycerol (with a final tubulin concentration of 40 mM (4.4 mg/mL)), and then stabilized by 40 mM taxol (2 mM taxol in DMSO was added in a stepwise manner). tau was added to preassembled MTs at the desired tau/ tubulin-dimer molar ratio. The tau-MT samples used in all experiments were prepared such that they were in buffer comprised of nearly equal volumes of PEM 50 and BRB 80 . A small volume of a 1 M KCl in PEM 50 / BRB 80 buffer was added to each tau-MT mixture to achieve the desired salt concentration. The samples in Figs. 2-5 were prepared with a final concentration of 25 mM of KCl.
Microtubule/tau binding assay
Taxol stabilized MTs (prepared from 15 mM tubulin) were mixed at varying molar ratios of tau to tubulin-dimer (F ¼ N tau /N tubulin-dimer ) layered over an 80 mL sucrose cushion (50% sucrose in PEM 50 /BRB 80 ) in 5 Â 20 mm ultraclear centrifuge tubes (Beckman Instruments, Palo Alto, CA) and centrifuged in an Airfuge (Beckman Instruments) for 12 min at 150,000 Â g at room temperature. Supernatants and pellets were harvested and solubilized in SDS-PAGE sample buffer. Relative amounts of tau in the supernatants and pellets were determined by SDS-PAGE and immunoblotting with the monoclonal antibody tau-1 and tubulin in the supernatants and pellets by SDS-PAGE and dye bound intensity analysis (29, 30) .
Synchrotron SAXS
SAXS was carried out at the Stanford Synchrotron Radiation Laboratory beam-line BL 4-2 at 9 keV. A 2D area detector MarCCD (MarUSA, Evanston, FIGURE 1 (A) Schematic of a MT decorated with adsorbed tau isoforms. (B) Six isoforms of human wild-type tau. tau isoforms possess either three or four imperfect repeats (R), which differ by exclusion or inclusion of a 31 amino acids that contain R2 and interrepeat between R1 and R2. Isoforms also differ in the N-terminal region by possessing either zero, one, or two 29 amino acids, thereby generating short (S-), medium (M-), or long (L-) isoforms. The numbers below each isoform refer to the first residue of the isoform, the beginning residues for the proline-rich region, the repeat region, and the C-terminal tail, and the last residue of the isoform.
Biophysical Journal 97(2) 519-527 IL) was used to collect the powder scattering patterns. Sample to detector distance was set to be 2.5 m and silver behenate was used as a standard to calibrate the momentum transfer q. The images were azimuthally integrated to give scattering intensity versus momentum transfer q. Samples were spun down at 16,000 Â g for 30 min and loaded in 1.5 mm quartz capillaries.
Differential interference contrast and polarized light microscopy
Differential interference contrast (DIC) was measured using high sensitive CCD camera (SensiCam QE , Cooke) mounted on an inverted microscope Diaphot 300 (Nikon) with Xenon lamp (Sutter Instrument, Novato, CA). An Optiphot 2-pol (Nikon, Melville, NY) was used for polarized microscopy.
Transmission electron microscopy
A JEM 1230 (JEOL) electron microscope was used with the electron beam set at 80 kV. MTs (0.1 mg/mL) were loaded on Formvar coated copper grid (Ted Pella, Redding, CA), and stained with 1 wt % uranyl acetate (Electron Microscopy Sciences, Hatfield, PA) in deionized water.
RESULTS AND DISCUSSION

Binding density of tau isoforms on microtubule surfaces
In Fig. 2 , A and B, we show the results of assays measuring the distinct binding density of the six human tau isoforms to 40 mM taxol-stabilized microtubules. The figures plot the fractions of tau (Fig. 2 A) and tubulin-dimer ( Fig. 2 B) present in pellets as a function of F ¼ N tau /N tubulin-dimer , the molar ratio of total tau to total tubulin-dimer in the original reaction mixtures (that includes tau adsorbed on MTs and in buffer, and tubulin in MTs and in buffer). Fig. 2 B shows that increasing the value of F promotes the assembly of the small pools of soluble tubulin left unassembled by taxol, with the possible exception of 3RM. and tubulin-dimer in the pellet, respectively. Thus, for each sample prepared at a given F, f is a measure of the actual amount of tau bound to the MT surface, and is proportional to the tau binding density (number of tau molecules adsorbed to the MT surface per unit area). We observe that the f increases as F increases and this is isoform-dependent, with 4RS tau packing much tighter on microtubules than any of the other isoforms, followed by 3RS tau. It is notable that the two tau isoforms that pack most tightly on taxol-stabilized microtubules are the ones with the smallest projection domains, lacking both N-terminal inserts. Although the N-terminal inserts do not bind directly to microtubules (21, 23, 31) , these data suggest that they do confer an effect on the ability of tau to pack tightly on microtubules. At low coverage (F z 0.1) where the tau isoforms are far from each other, the smaller binding affinity of isoforms with M-and L-projection domains is most likely due to the electrostatic repulsion between the negatively charged inserts and the MT surface (that is also overall negatively charged). At higher coverages (F between 0.15-0.5) with tau isoforms in close proximity, the effect could be primarily mediated by increased tau-tau electrostatic repulsion of the negatively charged inserts in neighboring medium and long tau isoforms.
Tau regulates the radial size distribution of microtubules
The microscopy and x-ray scattering data show unambiguously that none of the six tau isoforms induce bundles in 40 mM taxol-stabilized MTs for the range of tau concentrations explored in this study with 0 % F % 1/2. Fig. 3 , A and B, show 1.5 mm quartz capillaries, filled with either MT (Fig. 3 A) or MT mixed with 3RS tau at F ¼ 1/10 ( Fig. 3 B) , viewed between crossed polarizers, with optical microscopy. The thread-like texture observed is due to a nematic liquid crystal phase of MTs; that is, where large domains of MTs are orientationally ordered but positionally (32) . Consistent with the optical microscopy, TEM also shows no evidence for MT bundles for F % 1/2, but rather only individual MTs are observed. Fig. 3 E shows a typical example of an MT bound 3RS tau at F ¼ 1/6.
We used synchrotron SAXS experiments to examine the effect of tau binding on the structure of MTs on the Å -scale. Fig. 4 A shows SAXS profiles of 4RS tau mixed with taxolstabilized MTs for 0 % F % 1/2. The shape of the scattering data is due entirely to the form factor F MT of noninteracting MTs, in agreement with the DIC, polarized microscopy, and TEM observations (Fig. 3) for F % 1/2, where no evidence of tau-induced bundling is observed. Consistent with previous work (32-34) we modeled MTs by assuming a hollow cylinder (i.e., a one-box model shown in Fig. 4 B, inset) and values for the wall thickness (49 Å ) and radial electron density relative to water Dr tubulin ¼ 0.07817 e/Å 3 that are consistent with published literature data (35) (36) (37) . Thus, the SAXS intensity from the sample, consisting of randomly oriented domains, is f jF MT j 2 powder averaged over the wave-vector q, where F MT ¼ Fourier transform of the MT electron density. The main parameter resulting from the fit of the SAXS data to this simple model is the average MT inner radius hR in MT i. Furthermore, we also followed previous MT related x-ray structure work in subtracting a background that is comprised of a polynomial that passes through the scattering minima of the SAXS data (32) (33) (34) .
The solid lines through the SAXS data of Fig. 4 B are the result of quantitative nonlinear least-squares fits of the model to the background subtracted data. For the data with no added tau the fit yielded hR in MT i ¼ 77.9 Å in good agreement with MTs comprised on average of 13 protofilaments (2-4,33,34). With increasing F (4RS-tau/tubulin-dimer) the SAXS profiles (Fig. 4, A and B) are seen to shift to lower q indicating an increase in hR in MT i or equivalently the mean protofilament number hN pf i. Similar behavior is found for the other five isoforms of tau (see Fig. S1 in the Supporting Material). It is evident from the high quality of the fits that the model of a hollow cylinder at constant MT wall thickness and Dr tubulin , with hR in MT i as the sole parameter allowed to vary, gives a quantitative fit even for SAXS profiles of MT decorated with tau isoforms (Fig. 1 A) . As we describe below, the reason that this simple one-box model is able to fit the data even with tau bound to the MT surface is because, for the tau coverages studied, the electron density contrast between the region containing tau relative to water is small.
As an alternative model we considered the possibility that the shift in the SAXS profile to lower q with increasing F resulted from the addition of tau on the outer MT surface, which tends to thicken the wall, at a constant protofilament number with a fixed microtubule inner radius of 77.9Å . In this alternative model the electron density profile consists of three boxes shown in Fig. 4 C: a tubulin wall region, a second region containing the bound portion of tau (4RS-tau residues 166-309 bound to tubulin dimers with thickness z 10.88 Å consisting of an adsorbed hydrated unstructured polypeptide monolayer), and a third projection domain (4RS-tau residues 1-165) with a radius of gyration R g ¼ aN 0.6 ¼ 41.2 Å , where N ¼ 165 and the prefactor a was taken to be 1.927 Å consistent with published data for unstructured proteins (38) . The result of the three-box model calculation for F 4RS (4RS-tau/tubulindimer) ¼ 1/10 is shown as solid line in Fig. 4 D, which systematically deviate from the measured SAXS profile and rule out this alternative model, which assumes a constant protofilament number hN pf i.
The results of the fit of the simple one-box model to the data showing an increase in hR in MT i plotted versus F with FIGURE 3 Light and transmission electron microscopy images of MTs with or without bound tau. Polarized light microscopy images of MTs (A) and 3RS tau-MTs at tau to tubulin-dimer molar ratio F ¼ 1/10 (B) in 1.5 mm quartz capillaries show thread-like nematic liquid crystalline texture. Differential interference contrast microscopy images show oriented and uniformly distributed MTs (C) and MTs with bound 3RS tau isoforms at F ¼ 1/10 (D) (scale bar, 10 mm). (E) TEM image of an MT with bound 3RS at F ¼ 1/6 (scale bar ¼ 100 nm). MT concentrations were as follows: A and C, 4.4 mg/mL; B, 3.8 mg/mL; D, 2.2 mg/mL; and E, 0.1 mg/mL.
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increasing tau for all six isoforms is shown in Fig. 5 , B-D. The same data plotted versus f, which only considers the fraction of tau bound to MTs, is shown in Fig. 5 , E-G. The data show that hR in MT i increases from 77.9 Å (MT without tau) and saturate around 86.6 Å with added tau. This corresponds to an increase in the radius of MTs by~8.7 Å , or z11.2%. This increase implies a shift in the mean number of protofilaments hN pf i in MTs, shown schematically in Fig. 5 A, from 13 to 14 (see y axis label of Fig. 5 , B-G) in terms of the mean protofilament number hN pf i). By comparing the data for all six isoforms one can see that the increase in the radial size due to added tau is isoform independent. We note, however, the there is a relatively large scatter in the data, which precludes the observation of small differences between different isoforms. The scatter in the data likely results both from small variations between independent protein preparations and the error in hR in MT i resulting from the fit of the data to the one-model (Fig. 4 B, inset) .
We point out that the lack of information on the precise MAP-tau monomer concentration profile in the binding and projection domain regions prevents a more comprehensive line-shape analysis of the SAXS data beyond the onebox model used in this study. Nevertheless, the simple one-box model used in this study should be regarded as sufficient because, as seen in Fig. 5 , most of the increase in hR in MT i occurs for F (4RS-tau/tubulin-dimer) % 0.1, which amounts to a very small change in the electron density relative to water in the immediate region near the MT surface.
Noninteger values of hN pf i measured in the SAXS data imply a variation in the distribution of protofilament numbers in MTs. For example, hN pf i ¼ 13.5 implies there are equal numbers of MTs with either 13 or 14 protofilaments (Fig. 5 A) . As we described earlier the binding assay data show that taxol-stabilized MTs coexist with soluble tubulin for 0 % F % 1/2 (Fig. 2 B) . Two previous AFM studies have also found that individual protofilaments coexist with taxol-stabilized microtubules (39, 40) . Thus, changes in hN pf i may occur either due to exchanges of protofilaments between solvent and MTs or between neighboring MTs leading to a redistribution of protofilament numbers. Redistribution of protofilament number for MTs in vitro is known to occur under other conditions. In recent work it was found that cationic lipid bilayers coating taxol-stabilized MTs also induce changes in hN pf i that are dependent on the charge density of the lipid bilayer (33) . Our recent SAXS data also show that the average MT radius decreases as the taxol concentration increases between 10 mM and 40 mM (M. C. Choi, S. C. Feinstein, and C. R. Safinya, unpublished data). (35) (36) (37) and thickness 49 Å . The second box is the region containing bound MAP tau, which consists of 144 residues comprising the repeat domains and the proline region (Fig. 1 B) . The thickness is taken to be the diameter of an adsorbed hydrated unstructured polypeptide z 10.88 Å ; diameter ¼ 6.88 Å plus a 2 Å hydration layer. (The diameter of polypeptide tau was estimated from the volume of tau (¼ weight of tau/mass density of tau (¼1.41 g/cc)) and using a contour length of 3.5 Å Â 383 residues.) The third box contains the N-terminus projection domain (165 residues) and the thickness of this region is assumed to be 2R g , where
The electron densities (relative to water) for the second and third boxes (with bound and projection regions of tau) were taken to be 0.005 e/Å 3 and 0.0009 e/Å 3 , respectively. They were calculated by estimating the fraction of tau in each region and using r (electron density) ¼ tau-volume-fraction Â r tau þ water-volume-fraction Â r water . The electron density of tau (r tau ) was taken to be 0.462 e/Å 3 . The tau-volume-fractions were first calculated for tau/tubulin dimer ¼ 1 (where each tubulin dimer is assumed to have one tau attached to its surface area 50 Å Â 80 Å ) and multiplied by f (the actual tau/tubulin-dimer ratio). (D) The solid line, which does not fit the data, is the result of a calculation using the three-box model at a constant hR in MT i ¼ 77.9 Å (or equivalently protofilament number hN pf i ¼ 13) described in C for F 4RS (4RS-tau/tubulin-dimer) ¼ 1/10.
The ability for protofilaments to exchange between solvent and MTs or between MTs implies that the energy barrier to breaking and reforming bonds between tubulin-dimers in neighboring protofilaments is of the order of thermal energies.
It is important to highlight the observation from Fig. 5 , E-G, that the main change in hR in MT i occurs at low tau coverage; for example, by f ¼ 0.1 (1 tau per 10 tubulindimers) z75% of the change in hR in MT i has occurred and the radius saturates for f > 0.15 (although Fig. 2 C shows that tau coverage continues to increase with increasing tau/ tubulin-dimer molar ratio in the reaction mixture (F)). Thus, a distortion in tubulin dimers on the local scale, due to tau binding, is spread over many MT lattice sites and results in a global change in the distribution of MTs with different numbers of protofilaments. This is a particularly clear demonstration of tau induced change in microtubule structure, which has been suggested previously based on less direct analyses (27, 31, 41) .
To obtain a physical understanding of the mechanism of changes in hN pf i one may consider, within the context of a continuum elastic description, the bending elastic energy density
2 of a MT due to changes in the protofilament number (33) . Here, C o MT is the spontaneous curvature of a MT, C MT (¼1/R MT ) the curvature of a MT (measured by SAXS) and k the bending stiffness per unit length associated with the deviations in hN pf i from an optimal protofilament number (that determines C o MT , or equivalently, the optimal spontaneous radius R o MT ¼ 1/C o MT ). In previous work k has been estimated to be of order 10 k B T/nm (33) . Fig. 5 A depicts a schematic cross-section of two MTs with either 13 or 14 protofilaments, where the angle joining the center of a protofilament to its neighbors is shown to increase to accommodate the added protofilament. This shift in angle is due to changes in the shape of a protofilament, as tau binds, giving rise to a smaller curvature for the MT. Thus, because tau changes the shape of the protofilament it actually MT on addition of tau, will lead to a change in the curvature C
MT
, which tends to approach the value of C o MT to lower the elastic energy. Because the exact atomic level nature of the tau-MT interaction remains unknown (3,7-9,41-43) we cannot argue why tau decreases rather than increases C o MT . Rather, we can only assert that the ratio of the projected outer to inner area of a protofilament decreases as tau attaches to the outer surface giving a smaller spontaneous curvature.
We should point out that although tubulin assembly into MTs is an inherently nonequilibrium process (involving GTP hydrolysis), nevertheless, in this study tau is added after the MTs have been stabilized by taxol (with all b-tubulin subunits containing GDP) and one should expect that the system reaches an equilibrium state quite rapidly (33) . Changes in the structure of taxol-stabilized MTs, such as exchange of protofilaments between MTs or between solvent and MTs, occur in the absence of energy dissipation (i.e., where no GTP hydrolysis is involved) and should therefore be a direct consequence of the interprotofilament interactions (which, in turn, determine the shape of protofilaments and C o MT ).
Regulation of microtubule radius by tau is salt-dependent
To elucidate the role of nonspecific electrostatic interactions in mediating the binding of tau (through the cationic repeat region) to the MT surface, we used SAXS to measure hR in MT i as a function of increasing salt in samples with 4RS tau bound to MTs for F ¼ 0, 1/100, 1/40, 1/10, 1/4, and 1/2 (Fig. 6 A) . In the absence of tau (Fig. 6 , gray squares) hR in MT i is independent of KCl concentration. The largest change in hR in MT i is observed for F ¼ 1/2 (Fig. 6, black squares) where the addition of 0.3 M of KCl leads to a decrease in hR in MT i of 3 Å . We see that the final value of hR in MT i z 83.8 Å at high salts is significantly larger than hR in MT i ¼ 77.9 Å , the inner radius of MTs in the absence of tau. This suggests that some fraction of 4RS tau remains bound to MTs even at 0.3 M of KCl. This is consistent with binding assay measurements as a function of increasing KCl (Fig. 6, B-D) , which show that for F ¼ 1/2, the actual amount of tau bound to MTs (measured by f, the tau/ tubulin-dimer in pellet) decreases by z a factor of 2 (f decreases from z0.4 to z0.19) in going from 25 mM to 0.3 M KCl (Fig. 6 D) . Fig. 6 E shows data that combines Fig. 6 A and Fig. 6 D to obtain a plot of hR in MT i for 4RS tau versus f, where variations in f (ftau coverage) are due to different amounts of added salt at fixed F ¼ 1/2 (Fig. 6 , open black circles) and F ¼ 1/40 (Fig. 6, open green circles) . The figure also shows data for hR in MT i for 4RS tau, in the absence of salt, versus f (Fig. 6 , blue squares) due to changes in F (data from Fig. 5 E) . The overlap of the data points, within experimental scatter, implies that the observed salt-dependent behavior of hR in MT i (or the salt-dependence of C o MT ) is primarily a result of the actual amount of tau bound to the MT surface. Therefore, KCl suppresses the electrostatic interaction between tau and MTs, resulting in the desorption of tau molecules from microtubules, and a decrease in hR in MT i. This suggests that the dominant force leading to the attachment of 4RS tau to MTs is the electrostatic interaction rather than specific induced fit (shape) interactions.
CONCLUSION
In summary, although it is well appreciated that tau enhances tubulin assembly and regulates MT dynamics, we have discovered that tau isoforms regulate the distribution of protofilament numbers in MTs. In particular, SAXS studies showed that all six tau isoforms increase the average radius of preassembled taxol-stabilized MTs, and that within the scatter of the data, do so in an isoformindependent manner. Additionally, SAXS and binding assay studies under varying monovalent salt conditions showed that the binding forces between 4RS tau and the MT surface are due mostly to nonspecific electrostatic interactions. For all six human wild-type isoforms SAXS showed no evidence of tau-induced MT bundling for tau/ tubulin-dimer molar ratios F % 1/2, which includes the physiologically relevant regime of tau coverage on MT surfaces.
Interestingly, tau isoforms shift the peak in the distribution function describing the MT protofilament number from a mean of 13-14 at tau coverages much less than a monolayer (near physiological conditions) with the tau/ tubulin-dimer molar ratio on the order of 0.1. Thus, a local shape distortion in a protofilament due to tau binding is distributed globally over large distances leading to changes in the spontaneous curvature of MTs and the observed shift in the distribution of MT protofilament number. These structural data suggest an allosteric role for MAP tau in axons where the MT surface shape changes, after attachment by tau, may effect the binding affinity of other MAPs to MTs. This is consistent with previous suggestions that tau induces a wave of allosteric changes in microtubule structure, based on the observation that tau can regulate microtubule dynamics when present on MTs at levels of only one tau per several hundred tubulin dimers (27, 44) . Such an induced allosteric change in tubulin structure could be a mechanistic component of tau's ability to regulate MT dynamics as well as affect the efficacy and regulation of axonal transport, both of which are central to normal and pathological tau action. Additionally, the regulation of the inner MT radius impacts both the mechanical rigidity of MTs and also the availability of the MT lumen (and the inner surface sites) to cellular macromolecules with comparable sizes. Finally, our results should provide insights for controlling the radial size of biological nanotubes for bioengineering applications.
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